We presents a novel methodology for studying real crack problems in real materials, which combines an advanced in-situ watching technique via synchrotron X-ray computed tomography (CT) and an image-based modelling method that takes into account actual crack morphology obtained by CT. We observe the complex geometry of a tortuous crack and identify many essential features of the crack and its propagation inside a pre-cracked heterogeneous material.
We presents a novel methodology for studying real crack problems in real materials, which combines an advanced in-situ watching technique via synchrotron X-ray computed tomography (CT) and an image-based modelling method that takes into account actual crack morphology obtained by CT. We observe the complex geometry of a tortuous crack and identify many essential features of the crack and its propagation inside a pre-cracked heterogeneous material.
We find that some severe damage events occur unexpectedly below a local mode-I crack within the sample; we realize that the severe plastic zone of the local mode-I crack is shifted down by another unseen crack segment hidden behind, which is responsible for the unusual damage phenomenon observed. We also find that the crack grows fast at some locations but slowly at some other locations along the three-dimensional crack front; we recognize that the crack-tip stress/strain fields are reduced by neighbouring hidden crack segments, which accounts for the retarded propagation of some part of the crack front near the overlapped regions. The feasibility and power of the proposed methodology highlights the potential of a new way to study fracture mechanisms in real materials.
A well understanding of fracture mechanisms in materials is necessary to improve their fracture resistance and reliability, which is essential for both science and industries [1] . In-situ surface observations are often used to examine fracture processes for an interpretation of the 2 underlying mechanisms. However, these observations do not provide bulk information on damage inside opaque materials [2, 3] . This is because heterogeneities are existent in real materials, and the stress-strain state on the viewing surface differs from that in the interior, both of which tend to cause a different behaviour observed on the surface and inside the materials.
An alternative way is to apply sectioning technique, by which the internal damage can be examined after loading [4] . This method can assist in analyzing the damage/microstructure interactions within the sample, but does not allow following the dynamics of damage process due to its destructiveness. Fortunately, the aforementioned deficiencies can now be overcome by synchrotron X-ray CT. CT has recently been applied to study the internal microstructure of materials [5] [6] [7] , and to assess three-dimensional (3D) crack and fracture behaviour as well [8, 9] , which suggests the potential of its application in micromechanical understanding of fracture mechanisms in three dimensions.
Moreover, analytical models or numerical simulations are also used to understand fracture behaviour. Various crack-oriented models have been proposed and applied, and they are capable of predicting stress/strain fields and damage events in materials [10, 11] . Almost all of these models deal with a homogeneous medium, and assume straight, flat crack geometry and/or a plane stress/strain state and thus, relatively simplified crack-tip fields often result from such simplifications. Nevertheless, real materials are inhomogeneous, crack surface is non-planar, crack front is torturous and crack-crack interactions are existent as well in the presence of multiple cracks [6] [7] [8] . Therefore, deformation fields near the front of a 3D crack with complex morphology can be very complicated. Consequently, while considerable effort has been devoted to the modelling work, and the models do provide general knowledge of deformation and damage, they are unable to accurately capture local-scale damage events and crack evolution behaviour in a cracked medium of a real material. Accordingly, only a 3D model that takes into account real crack morphology is expected to identify all key features of fracture that involves the evolution of local stress/strain fields [3, 12] . Furthermore, a realistic validation of the modelling results needs 3D experimental verification, i.e. the knowledge of real 3D crack evolution behaviour. However, such actual modelling of real crack problems along with realistic experimental verification has not become feasible until now [13] [14] [15] . Here we apply a highresolution X-ray CT technique (that allows in-situ watching the propagation of a 3D crack inside opaque materials during loading) combined with an image-based simulation (that takes into account actual 3D crack geometry) to study a real tortuous crack and its propagation behaviour inside a real heterogeneous material. 3 The material selected was a model Al-7Si-1Mg alloy, which consists of a α phase (an Albased solution) and a eutectic phase (an Al matrix dispersed with eutectic Si particles).
Parallelepiped tensile specimens with a single-edged pre-crack were prepared for the in-situ tomography experiment. The specimens were required to be small enough to fit the field of view for obtaining a high-resolution tomography image at a micron level. To do so, a three-point bend sample (of a size 10×10×50(mm) 3 ) with a cutting notch was first prepared. A fatigue crack was then produced using a load-decreasing method. The desired tensile specimens, having a cross section of 0.6×0.6(mm) 2 and a pre-crack length of 0.25 mm, were finally cut from the crack-tip region of the fatigued sample. The experiment was performed at the Japanese third-generation synchrotron radiation facility, Spring-8. A test rig, which had been specially designed for the Xray tomography, was used [9] . High resolution X-ray tomography was performed during tensile loading. Seven tomography scans were made, which corresponded to different loading steps.
(The increments of the applied displacement for the field of view corresponding to steps 1~7 are 0, 1.9, 5.7, 9.5, 14, 29 and 53 μm, respectively). The reconstructed slice images were stacked and rendered to produce 3D images with an isotropic voxel size of (0.47μm) 3 The reconstructed 3D rendering of the unloaded microstructure together with the initial precrack in the sample is shown in Fig. 2(a) ; the extracted complex geometry of the entire crack is illustrated in Fig. 2(b) . One key feature of the crack before its propagation is that, over a range of ~180 μm behind the crack front, the crack is divided into three segments I, II and III in the width direction (z axis, Fig. 2b ). The three segments lie on different horizontal planes and overlap each other slightly between the neighbouring ones. The front line of each crack segment is tortuous and the surfaces of the entire crack are rough. The evolution process of the 3D crack 4 is presented in Fig. 2(c) ~ (e). The crack was opened and voids were initiated within the sample with loading (Fig. 2c) ; and no obvious crack propagation occurred until an applied displacement of 14 μm. With further loading, some voids grew and connected, which caused the propagation of the main crack ( Fig. 2d and e) . Near the side surfaces of the sample, the crack remained nearly non-propagated up to the applied maximum displacement of 53 μm. However, in the interior, the growth amount and direction of the crack varied from location to location along the crack front. The retarded propagation of the crack on the side surfaces may be due to the fact that the local crack driving force, which governs the intensity of near-tip fields and thus the void-initiated damage, decreases as the free surfaces are approached [16] . On the other hand, the reason for a wide variation of crack growth amount and direction along the 3D crack front may be attributable to the heterogeneities in the material; however, other factors, which are likely to be existent but hidden, may be also responsible.
Closer examinations revealed many more essential features of fracture, as typically shown in Fig. 3 (a)~(c). An extracted subvolume ranging from z = 0 to 80μm is shown in Fig. 3(a) . In this subvolume, crack segments I and II are partially overlapped. We find that the voids were initiated in the vicinity of the crack front, but almost entirely between the two crack segments.
This phenomenon may result from the interactions between the two crack segments. An even smaller subvolume extracted from the volume in Fig. 3(a) , ranging from z = 0 to 50μm, is shown in Fig. 3(b) . Crack segment I only is existent. The crack front region is almost planar and vertical to the loading direction (y axis). This is typical of a mode-I crack, although it is slanted in the wake zone. We find that the voids were initiated primarily below crack segment I, with the damage zone (sketched out by the dashed line) shifted downwards. This phenomenon is, however, inconsistent with usual anticipation that the initiation and growth of voids should occur in a kidney-shape region centred at the crack front, corresponding to the theoretically predicted plastic zone of a mode-I crack. One may argue that this unusual phenomenon may be caused by a non-uniform distribution of particles, since clustered particles are known to be more easily damaged than uniform ones [17] . We examined this possibility, and found that particles are indeed non-uniformly distributed; however, we didn't find evidence that the region corresponding to the severely-damaged zone is more clustered than other regions (Fig. 3c ). This implies that the effect of particle distribution may not be the major reason for the down-shifted damage zone observed in Fig. 3(b) . And thus, the actual operative mechanisms need to be identified further. 5 We investigated the stress/strain fields on various cross sections of the image-based crack model. Two typical plots of plastic-strain contour patterns are demonstrated in Fig. 3(d) and (e), side by side with the aforementioned experimental observations in Fig. 3(a) and (b). Crack segment I is overlapped with crack segment II in Fig. 3(d) , which corresponds to the front cross section of the volume shown in Fig. 3(a) . We find that the severe plastic zone occurs, interestingly, between the upper and lower cracks. This agrees very well with the damage zone observed in the in-situ experiment (as dashed out in Fig. 3a) . We may suppose that such a contour pattern is a superimposed result of the overlapped crack segments I and II, which affect each other in the overlapped region. In contrast, however, crack segment I only (which is a mode-I crack) is present in Fig. 3(e) , which corresponds to the front cross section of the volume shown in Fig. 3(b) . We find that the severe plastic zone lies below the tip of crack segment I and the outer strain contours are centred on a dashed straight line beneath the crack tip (Fig. 3e ).
Although this contour pattern matches so well with the observed down-shifted damage zone in Fig. 3(b) , it is not expectable from a single mode-I crack in Fig. 3(e) . On the other hand, we can assume that the stress/strain fields and as well the severe plastic zone of crack segment I in Fig. 3(e) may have been affected by the neighbouring crack segment II existent in Fig. 3(d) , even though they are not overlapped in Fig. 3(e) . This assumption is due to the fact that the two cross sections in Fig. 3 (e) and (d) are spatially close to each other, with only 30 µm apart on z axis.
To further confirm the above assumption, we made a control simulation using the same model, but crack segment II was removed and thus its potential effect was ruled out. The plastic strain contours of the same cross section as in Fig. 3 (e) (but obtained from the control simulation) is shown in Fig. 3(f) . We find that the contour pattern in Fig. 3 (f) approaches to that of a mode-I crack with the severe plastic zone and near-tip contours centred at the crack tip, which is obviously different from that in Fig. 3(e) . This observation indicates that the existence of crack segment II does change the stress/strain fields of crack segment I and shift its severe plastic zone, even in the case of non-overlapping. From Fig. 3(f) , we can also find that the intensity of near-tip plastic deformation is increased and the size of severe plastic zone is enlarged as well, when compared with Fig. 3(e) . This finding indicates that when crack segment II is present, not only the severe plastic zone of crack segment I is shifted, but also the magnitude of its near-tip stress/strain fields is reduced, even on the cross section where crack segment II is unseen (Fig. 3e) . Such a stress shielding effect should be one major reason for the retarded propagation of the crack front near the overlapped regions (e.g. arrows 1 and 2, Fig.2 ). 6 The combined methodology of in-situ 3D crack visualization and image-based crack simulation has been demonstrated to be powerful and feasible in revealing and understanding various fracture phenomena inside materials. Using this methodology, many essential features of crack and crack propagation behaviour have been identified three-dimensionally in this work.
Typically, we have recognized that one crack segment affects significantly the fracture behaviour of another neighbouring hidden crack segment by shielding the near-tip stress/strain fields and shifting the near-tip plastic zone of the crack in the studied sample. We can expect that different interactions between crack segments may be existent in other samples, which depend on the morphologies of individual crack segments. We know that crack/crack interactions between crack branches or flat parallel cracks, which overlap each other and penetrate through specimen thickness thus being visible on any one observation surface, have been extensively studied [18] [19] [20] [21] . However, the interactions between non-overlapped crack segments have neither been noticed nor investigated previously, because these crack segments do not appear on the same cross sections thus being inaccessible to traditional surface based imaging techniques. The findings made in this work are remarkable, since surface observations only may lead to misunderstanding of operative damage mechanisms, without considering the 3D effects of microstructure and crack such as the interactions between possibly existent nonoverlapped crack segments. We anticipate this work as a starting point to be extended further for a better understanding of the underlying mechanisms of fracture in various materials. And hence, some new insight into materials fracture behaviour may be available and some definite answers to crack problems that have been puzzling material researchers would therefore finally be at hand.
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